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Introduction: Myocardial contractility of the left ventricle (LV) is related to arterial distensibility. Sport activity is
frequently associated with changes in both LV and arterial functions. This study aimed to ﬁnd correlations between
three-dimensional speckle-tracking echocardiography-derived segmental LV deformation parameters and echocar-
diographically assessed aortic stiffness index (ASI) in athletes. This study comprised 26 young elite athletes (mean
age: 26.7 ± 8.4 years, nine men). Results:Among segmental circumferential strains (CSs), only that of apical anterior
(r= 0.40, p= 0.05), septal (r= 0.47, p= 0.01), inferior (r= 0.59, p= 0.001), lateral (r= 0.44, p < 0.05), and
midventricular anteroseptal (r= 0.44, p < 0.05) segments correlated with ASI, whereas LV-CS of the midventricular
anterior segment showed a correlation tendency. Only longitudinal strain of basal anteroseptal (r=−0.46, p< 0.05)
and inferoseptal (r=−0.57, p< 0.01) segments showed correlations with ASI, whereas that of the basal anterior
segment had only a tendency to correlate. Some segmental multidirectional strains also correlated with ASI.
Conclusions: Correlations could be demonstrated between increased aortic stiffness and circular function of the
apical and midventricular LV ﬁbers and longitudinal motion of the basal septum and LV anterior wall (part of LV
outﬂow tract) in maintaining circulation in the elite athletes.
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Introduction
Myocardial contractility of the left ventricle (LV) is related to arterial stiffness due to arterial–
ventricular coupling (5). LV strains are quantitative features of LV deformation, which could
easily be determined by three-dimensional (3D) speckle-tracking echocardiography (3DSTE)
(1, 11). Echocardiographic aortic elastic properties could be assessed simultaneously with LV
strain measurements allowing us to ﬁnd relationship between LV and aortic functions (8, 9).
Due to the fact that sport activity is frequently associated with changes in both LV and
arterial functions, the correlations were aimed to be found between 3DSTE-derived
Corresponding author: Attila Nemes, MD, PhD, DSc, FESC
2nd Department of Medicine and Cardiology Center, Faculty of Medicine, Albert Szent-Györgyi Clinical Center,
University of Szeged
Semmelweis street 8, P.O. Box 427, Szeged H-6725, Hungary
Phone: +36 62 545220; Fax: +36 62 544568; E-mail: nemes.attila@med.u‑szeged.hu
2498-602X/$ 20.00 © 2017 Akadémiai Kiado´, Budapest
segmental LV strains and echocardiographically assessed aortic stiffness index (ASI) in the
elite athletes in this study.
Materials and Methods
Study population
To achieve goals, 26 young elite basketball and water polo players, kettlebell lifters, and
runners (mean age: 26.7 ± 8.4 years, nine men) were examined. The participants have been
trained for an average of 15 ± 7 years. Complete two-dimensional (2D) Doppler echocardi-
ography with assessment of aortic elastic properties and 3DSTE have been performed in all
cases. All subjects were enrolled into the Motion Analysis of the heart and Great vessels bY
three-dimensionAl speckle-tRacking echocardiography in Sportsmen (MAGYAR-Sport)
Study among others with the aim of evaluating (patho) physiological consequences of elite
sport activity on LV deformations and vascular features and their relationship (“magyar”
means “Hungarian” in Hungarian language). Written informed consent was obtained from all
the participants who were enrolled in the study. The study conformed to the principles
outlined in the Declaration of Helsinki and was reviewed and approved by the local
institutional ethics committee (number: 71/2011, University of Szeged, Hungary).
2D echocardiography with assessment of ASI
A standard 2D Doppler echocardiographic study with ASI measurement was carried out in all
subjects with a commercially available echocardiography system (Toshiba Artida™, Toshiba
Medical Systems, Tokyo, Japan) using a 1–5 MHz PST-30SBP phased-array transducer. LV
internal dimensions and systolic (SD) and diastolic (DD) ascending aortic diameters 3 cm
above the aortic valve were measured by M-mode echocardiography in parasternal long-axis
view (8, 9) (Fig. 1). LV ejection fraction was calculated by the modiﬁed Simpson’s method (9).
Systolic (SBP) and diastolic (DBP) blood pressures were measured in the supine position with a
mercury cuff sphygmomanometer from the right arm after 10 min of rest. For calculation of
ASI, the following equation was used: ASI= ln (SBP/DBP)/[(SD − DD)/DD], where ln means
natural logarithm (increased ASI means more pronounced aortic stiffness).
3DSTE
3DSTE imaging was performed from an apical position using the same commercial scanner
(Toshiba Artida™, Toshiba Medical Systems, Tokyo, Japan) with a 1–4 MHz matrix-array
PST-25SX transducer (11). Wide-angled acquisitions were recorded, in which six wedge-
shaped subvolumes were acquired within a single breath hold. 3D Wall Motion Tracking
software version 2.7 (Toshiba Medical Systems) was used for LV chamber quantiﬁcations.
Shortly, different views (apical two- and four-chamber views and basal, midventricular, and
apical LV short-axis views) were automatically selected from the acquired 3D pyramidal
“echo-cloud” at end-diastole by the software. The examiner marked the endocardium at the
edges of the mitral valve and at the apex on the apical two- and four-chamber views manually.
Due to the software’s capability, the LV endocardial surface was tracked and automatically
reconstructed through the cardiac cycle. Time–strain curves were generated by the software
for segmental radial strain (RS), longitudinal strain (LS), circumferential strain (CS), 3D
strain (3DS), and area-tracking/strain (AS) estimations using the 16-segment LV model
(Fig. 2).
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The following deﬁnitions were used for strain parameters (1, 17):
RS (%) – LV strain in the direction perpendicular to the endocardium. It is deﬁned as
changes in radial length between the endocardium and the epicardium in short-axis view.
LS (%) – LV strain in the direction parallel to the endocardial contour measuring in apical
long-axis view featuring longitudinal movement.
CS (%) – LV strain in the direction circumferential to the endocardial contour. It is
measured in short-axis view as the change in length along the myocardial circumference.
3DS (%) – LV strain in the wall (3D) thickening direction combining the aforementioned
unidirectional strains
AS (%) – A square-shaped area is tracked and endocardial area change ratio is calculated
as percentage change in area.
Statistical analysis
Data are presented as mean ± standard deviation. A value of p < 0.05 was considered to be
statistically signiﬁcant. Numerical correlations were established by Pearson’s correlation.
MedCalc software was used for statistical evaluations (MedCalc, Mariakerke, Belgium).
Results
Clinical, demographic, and 2D echocardiographic data of subjects are presented in Table I.
3DSTE data of subjects are presented in Table II.
Fig. 1. Systolic and diastolic ascending aortic
diameters were measured on the M-mode
tracing obtained at a level of 3 cm above the
aortic valve at parasternal echocardiographic
long-axis view. SD: Systolic aortic diameter;
DD: diastolic aortic diameter
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Correlations
Regarding segmental LV-CSs, only that of all apical segments and midventricular ante-
roseptal segments correlated with ASI, whereas LV-CS of the midventricular anterior
segment showed a correlation tendency (Table III). LS of basal anteroseptal and inferoseptal
LV segments showed correlations, whereas that of the basal anterior segment had a
correlation tendency with ASI (Table IV). None of the other segmental LV-LSs and
LV-RSs showed correlations with ASI (Tables IV and V). From multidirectional strains,
all apical LV-ASs (except anterior) (Table VI) and 3DS of the anterior midventricular LV
segment showed correlations with ASI (Table VII).
Discussion
To the best of the authors’ knowledge, this is the ﬁrst study to demonstrate the segmental
correlations between 3DSTE-derived uni- and multidirectional strains and echocardiographic
Fig. 2. Different views of the LV extracted from the 3D echocardiographic data set are presented including apical
four-chamber (A) and two-chamber views (B) and basal (C3), midventricular (C5), and apical (C7) short-axis views.
A 3D LV model (D) and calculated volumetric LV parameters are also demonstrated (E) together with segmental LS
curves (F) in an elite athlete. LV: left ventricle; RV: right ventricle; LA: left atrium; RA: right atrium; EDV: LV end-
diastolic volume; ESV: LV end-systolic volume; EF: LV ejection fraction; est. LV MASS: estimated LV mass
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Table I. Clinical and demographic features and 2D echocardiographic data of sportsmen
Clinical and demographic data
n 26
Male gender (%) 9 (35)
Mean age (years) 26.7 ± 8.4
SBP (mmHg) 116.4 ± 8.9
DBP (mmHg) 76.7 ± 6.2
Heart rate (bpm) 64.0 ± 6.8
Weight (kg) 69.1 ± 11.8
Height (cm) 173.5 ± 6.4
Body surface area (m2) 1.88 ± 0.17
Body mass index (kg/m2) 22.9 ± 2.9
2D echocardiography
Left atrium (mm) 35.8 ± 4.3
LV end-diastolic diameter (mm) 47.8 ± 4.6
LV end-systolic diameter (mm) 28.2 ± 3.6
LV end-diastolic volume (ml) 108.1 ± 23.6
LV end-systolic volume (ml) 30.9 ± 9.5
Interventricular septum (mm) 8.87 ± 1.56
LV posterior wall (mm) 9.51 ± 1.89
LV ejection fraction (%) 71.9 ± 5.9
E/A 1.61 ± 0.46
LV mass (g) 154.2 ± 41.8
Systolic aortic diameter (mm) 26.5 ± 3.5
Diastolic aortic diameter (mm) 24.5 ± 3.1
ASI 8.89 ± 7.94
Table II. 3DSTE data of subjects
3DSTE
LV end-diastolic volume (ml) 98.6 ± 21.3
LV end-systolic volume (ml) 37.7 ± 8.4
LV ejection fraction (%) 61.7 ± 2.2
LV mass (g) 141.2 ± 16.0
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features of aortic elasticity in the elite athletes. Correlations could be detected between ASI
and LV apical CSs and ASs, midventricular antero (septal) CSs and 3DS and basal septal and
anterior LSs of LV segments. The results of this study suggest that due to long-term physical
effort, increased circulatory requirements and alterations in aortic stiffness in athletes,
speciﬁc segmental LV functional adaptation could be detected. Increased aortic stiffness
correlated with more pronounced circular shortening of speciﬁc apical and midventricular LV
ﬁbers and less pronounced longitudinal shortening of speciﬁc parts of the LV outﬂow tract
(basal septum and anterior wall) in highly trained athletes.
ASI was found to be increased in the presented athlete population. However, the
relationship between sport activity and aortic stiffness is controversial regarding the
Table II. 3DSTE data of subjects (Continued)
3DSTE
Global LV CS (%) −31.0 ± 3.6
Mean segmental LV CS (%) −31.7 ± 3.4
Global LV LS (%) −16.7 ± 2.0
Mean segmental LV LS (%) −17.6 ± 1.9
Global LV RS (%) 24.1 ± 10.2
Mean segmental LV RS (%) 25.8 ± 10.8
Global LV AS (%) −43.5 ± 3.2
Mean segmental LV AS (%) −44.2 ± 3.2
Global LV 3DS (%) 26.2 ± 11.0
Mean segmental LV 3DS (%) 28.8 ± 10.0
Table III. Correlations between ASI and segmental 3DSTE-derived CS parameters
Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral
Basal (%) −23.5 ± 7.5 −23.5 ± 7.5 −27.1 ± 10.6 −27.4 ± 10.0 −30.1 ± 9.4 −30.3 ± 10.2
r 0.08 0.26 0.02 −0.02 0.15 −0.22
Mid (%) −30.9 ± 9.3 −31.7 ± 9.4 −33.9 ± 8.6 −31.5 ± 4.3 −32.5 ± 4.8 −35.8 ± 8.7
r 0.35**** 0.44* 0.005 0.02 0.02 −0.08
Anterior Septal Inferior Lateral
Apical (%) −32.3 ± 11.1 −38.8 ± 10.3 −36.0 ± 10.4 −37.9 ± 10.7
r 0.40* 0.47** 0.59*** 0.44*
*p ≤ 0.05.
**p= 0.01.
***p= 0.001.
****p= 0.07
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Table IV. Correlations between ASI and segmental 3DSTE-derived LS parameters
Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral
Basal (%) −21.3 ± 7.1 −17.5 ± 7.9 −17.6 ± 7.0 −18.0 ± 5.8 −17.3 ± 6.6 −19.3 ± 5.6
r −0.36*** −0.46* −0.57** −0.30 0.18 0.04
Mid (%) −18.2 ± 6.5 −16.8 ± 5.3 −14.7 ± 3.8 −13.2 ± 3.9 −12.6 ± 3.7 −16.3 ± 4.2
r −0.08 0.02 −0.10 0.005 −0.04 −0.21
Anterior Septal Inferior Lateral
Apical (%) −11.5 ± 6.6 −23.9 ± 6.2 −26.5 ± 6.2 −17.0 ± 5.1
r −0.009 0.24 0.22 0.009
*p < 0.05.
**p < 0.01.
***p= 0.07
Table V. Correlations between ASI and segmental 3DSTE-derived RS parameters
Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral
Basal (%) 25.7 ± 15.6 29.6 ± 20.0 28.7 ± 20.5 30.2 ± 24.0 27.9 ± 16.7 24.0 ± 14.8
r 0.17 0.22 0.08 −0.03 −0.27 −0.25
Mid (%) 31.3 ± 19.2 35.0 ± 16.2 31.2 ± 15.5 29.7 ± 25.5 28.3 ± 19.4 31.3 ± 13.9
r 0.30 0.26 0.18 0.21 0.15 −0.08
Anterior Septal Inferior Lateral
Apical (%) 14.1 ± 7.5 14.9 ± 8.9 17.8 ± 10.8 18.2 ± 11.0
r −0.11 −0.21 0.003 −0.08
Table VI. Correlations between ASI and segmental 3DSTE-derived AS parameters
Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral
Basal (%) −39.2 ± 8.3 −38.7 ± 7.8 −38.7 ± 10.3 −39.3 ± 9.6 −42.0 ± 10.6 −44.4 ± 10.5
r −0.09 −0.19 −0.28 −0.28 0.11 −0.20
Mid (%) −43.3 ± 11.3 −44.3 ± 10.9 −44.2 ± 8.4 −39.5 ± 6.3 −40.2 ± 5.8 −47.3 ± 8.1
r 0.20 0.27 −0.0004 −0.04 −0.10 −0.09
Anterior Septal Inferior Lateral
Apical (%) −42.1 ± 13.7 −56.7 ± 9.9 −54.5 ± 10.6 −53.1 ± 10.3
r 0.26 0.52*** 0.51*** 0.47**
**p= 0.01.
***p < 0.001
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literature. Rátgéber et al. (14) did not ﬁnd signiﬁcant differences in resting aortic pulse wave
velocity (PWV) comparing data of young athletes and age-matched healthy volunteers. In a
recent study, ASI was found to be signiﬁcantly increased in strength-trained athletes (STA),
but differences could not be detected between endurance-trained (ETA) and mixed-trained
athletes as compared with controls (18). Similarly, aortic stiffness was signiﬁcantly greater
in STA, whereas aortic distensibility was higher in ETA compared with age- and sex-
matched healthy controls (3). In male ultramarathon runners, Burr et al. (2) found that PWV
decreased at 45 km followed by an increase toward baseline levels at the 75 km mark. This
ﬁnding could indicate that exercise duration or accumulated stress may affect vascular
compliance.
The effect of sport activity on LV function is also controversial. Neilan et al. (7) found
that maximal intensity of short-duration exercise is associated with attenuation of LV
diastolic function and augmentation of LV systolic function. Increased overall longitudinal
myocardial contractility at rest was found in experienced endurance athletes compared with
the published normal values in the literature, indicating a preserved and even supranormal
contractility in the athletes (15). In contrast, STE analysis showed a different pattern of
myocardial deformation demonstrating decreased global LS in runners and reduced GCS in
bodybuilders with preserved global RS in another study (16). In a recent study, although
female college athletes had mildly higher LV ejection fraction and LV global LS in absolute
value, systolic strain rate and allometrically indexed stroke volume were not different
between genders (4).
3DSTE is a new non-invasive imaging methodology with an ability for accurate
chamber quantiﬁcations and deformation analysis (6, 11). Over LV volumetric measure-
ments, several LV functional parameters including different uni- (RS, LS, and CS) and
multidirectional (AS and 3DS) strain parameters could be calculated together with parameters
of LV rotational mechanics using the same LV-3D model. At present, limited numbers of
papers are available, in which relationships between 3DSTE-derived left heart deformation
parameters and aortic elasticity are examined (12, 13). Correlations could be detected
between echocardiographic aortic elastic properties and LV rotation and twist (10, 12) and
left atrial functional features (13) in healthy subjects. This methodology could help in
widening our knowledge in understanding arterial–ventricular coupling.
Table VII. Correlations between ASI and segmental 3DSTE-derived 3DS parameters
Anterior Anteroseptal Inferoseptal Inferior Inferolateral Anterolateral
Basal (%) 27.4 ± 16.8 32.2 ± 18.8 31.5 ± 20.8 34.9 ± 24.0 34.8 ± 16.9 26.7 ± 14.8
r 0.21 0.17 0.10 0.05 0.28 −0.21
Mid (%) 34.9 ± 19.5 35.1 ± 17.5 32.0 ± 13.3 32.6 ± 25.3 31.3 ± 20.6 32.7 ± 12.4
r 0.40* 0.29 0.23 0.20 0.12 −0.04
Anterior Septal Inferior Lateral
Apical (%) 16.3 ± 7.6 15.6 ± 8.4 19.5 ± 11.0 19.3 ± 10.2
r −0.21 −0.19 0.04 −0.17
*p < 0.05
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Limitations
There were a number of important limitations which could affect our results:
–Only a limited number of athletes were involved in the study. Moreover, sport activity
showed heterogeneity (mixed population with ETA and STA athletes), which could
theoretically affect the results. Moreover, gender differences in parameters were also not
examined.
–It would have been interesting to compare ﬁndings with the results of age- and gender-
matched non-athlete healthy controls as well.
–Low temporal and spatial resolutions of 3DSTE-derived images are known features,
which could be considered as the most important technical limitation.
–Although 3DSTE is a valuable tool in assessing LV rotation and twist, this study did not
aim to evaluate their relationship with ASI.
Conclusions
Correlations could be demonstrated between increased aortic stiffness and circular function
of the apical and midventricular LV ﬁbers and longitudinal motion of the basal septum and
LV anterior wall (part of the LV outﬂow tract) in the elite athletes.
Conﬂict of interest
None declared.
REFERENCES
1. Ammar KA, Paterick TE, Khanderia BK, Jan MF, Kramer C, Umland MM, Tercius AJ, Baratta L, Tajik AJ:
Myocardial mechanics: understanding and applying three-dimensional speckle tracking echocardiography in
clinical practice. Echocardiography 29, 861–872 (2012)
2. Burr JF, Phillips AA, Drury TC, Ivey AC, Warburton DE: Temporal response of arterial stiffness to ultra-
marathon. Int. J. Sports Med. 35, 658–663 (2014)
3. D’Andrea A, Cocchia R, Riegler L, Salerno G, Scaraﬁle R, Citro R, Vriz O, Limongelli G, Di Salvo G, Caso P,
Bossone E, Calabrò R, Russo MG: Aortic stiffness and distensibility in top-level athletes. J. Am. Soc.
Echocardiogr. 25, 561–567 (2012)
4. Giraldeau G, Kobayashi Y, Finocchiaro G, Wheeler M, Perez M, Kuznetsova T, Lord R, George KP, Oxborough
D, Schnittger I, Froelicher V, Liang D, Ashley E, Haddad F: Gender differences in ventricular remodeling and
function in college athletes, insights from lean body mass scaling and deformation imaging. Am. J. Cardiol. 116,
1610–1616 (2015)
5. Kawaguchi M, Hay I, Fetics B, Kass DA: Combined ventricular systolic and arterial stiffening in patients with
heart failure and preserved ejection fraction: implications for systolic and diastolic reserve limitations.
Circulation 107, 714–720 (2003)
6. Kleijn SA, Pandian NG, Thomas JD, Perez de Isla L, Kamp O, Zuber M, Nihoyannopoulos P, Forster T, Nesser
HJ, Geibel A, Gorissen W, Zamorano JL: Normal reference values of left ventricular strain using three-
dimensional speckle tracking echocardiography: results from a multicentre study. Eur. Heart J. Cardiovasc.
Imaging 16, 410–416 (2015)
7. Neilan TG, Ton-Nu TT, Jassal DS, Popovic ZB, Douglas PS, Halpern EF, Marshall JE, Thomas JD, Picard MH,
Yoerger DM,WoodMJ: Myocardial adaptation to short-term high-intensity exercise in highly trained athletes. J.
Am. Soc. Echocardiogr. 19, 1280–1285 (2006)
8. Nemes A, Forster T: Evaluation of vascular function by modern non-invasive methods. Orv. Hetil. 153,
1887–1895 (2012)
9. Nemes A, Forster T: Recent echocardiographic examination of the left ventricle – from M-mode to 3D speckle-
tracking imaging. Orv. Hetil. 156, 1723–1740 (2015)
214 Nemes et al.
Physiology International (Acta Physiologica Hungarica) 104, 2017
10. Nemes A, Kalapos A, Domsik P, Forster T: Left ventricular rotation and twist of the heart. Clariﬁcation of some
concepts. Orv. Hetil. 153, 1547–1551 (2012)
11. Nemes A, Kalapos A, Domsik P, Forster T: Three-dimensional speckle-tracking echocardiography – a further
step in non-invasive three-dimensional cardiac imaging. Orv. Hetil. 153, 1570–1577 (2012)
12. Nemes A, Kalapos A, Domsik P, Lengyel C, Orosz A, Forster T: Correlations between echocardiographic aortic
elastic properties and left ventricular rotation and twist – insights from the three-dimensional speckle-tracking
echocardiographic MAGYAR-Healthy Study. Clin. Physiol. Funct. Imaging 33, 381–385 (2013)
13. Nemes A, Piros GÁ, Domsik P, Kalapos A, Lengyel C, Orosz A, Forster T: Correlations between three-
dimensional speckle-tracking echocardiographiy-derived left atrial functional parameters and aortic stiffness in
healthy subjects – results from the MAGYAR-Healthy Study. Acta Physiol. Hung. 102, 197–205 (2015)
14. Rátgéber L, Lenkey Z, Németh Á, Hidvégi E, Husznai R, Verzár Z, Miklo´s I, Bo´dis J, Cziráki A: The effect of
physical exercise on arterial stiffness parameters in young sportsmen. Acta Cardiol. 70, 59–65 (2015)
15. Schattke S, Xing Y, Lock J, Brechtel L, Schroeckh S, Spethmann S, Baumann G, Borges AC, Knebel F:
Increased longitudinal contractility and diastolic function at rest in well-trained amateur Marathon runners: a
speckle tracking echocardiography study. Cardiovasc. Ultrasound 12, 11 (2014)
16. Szauder I, Kovács A, Pavlik G: Comparison of left ventricular mechanics in runners versus bodybuilders using
speckle tracking echocardiography. Cardiovasc. Ultrasound 13, 7 (2015)
17. Urbano-Moral JA, Patel AR, Maron MS, Arias-Godinez JA, Pandian NG: Three-dimensional speckle tracking
echocardiography: methodological aspects and clinical potential. Echocardiography 29, 997–1010 (2012)
18. Vitarelli A, Capotosto L, Placanica G, Caranci F, Pergolini M, Zardo F, Martino F, De Chiara S, Vitarelli M:
Comprehensive assessment of biventricular function and aortic stiffness in athletes with different forms of
training by three-dimensional echocardiography and strain imaging. Eur. Heart J. Cardiovasc. Imaging 14,
1010–1020 (2013)
Correlations between LV strains and aortic stiffness 215
Physiology International (Acta Physiologica Hungarica) 104, 2017
